This study describes the construction and analysis of three in vivo-inducible promoter expression plasmids, containing pnirB, ppagC, and pkatG, for the delivery of foreign antigens in the ⌬aroAD mutant of Salmonella enterica var. Typhimurium (hereafter referred to as S. typhimurium). The reporter genes encoding ␤-galactosidase and firefly luciferase were used to assess the comparative levels of promoter activity in S. typhimurium in vitro in response to different induction stimuli and in vivo in immunized mice. It was determined that the ppagC construct directed the expression of more ␤-galactosidase and luciferase in S. typhimurium than the pnirB and pkatG constructs, both in vitro and in vivo. The gene encoding the C fragment of tetanus toxin was expressed in the aroAD mutant of S. typhimurium (BRD509) under the control of the three promoters. Mice orally immunized with attenuated S. typhimurium expressing C fragment under control of the pagC promoter [BRD509(pKK/ppagC/C frag)] mounted the highest tetanus toxoid-specific serum antibody response. Levels of luciferase expression in vivo and C-fragment expression in vitro from the pagC promoter appeared to be equivalent to if not lower than the levels of expression detected with the constitutive trc promoter. However, mice immunized with BRD509(pKK/ppagC/C frag) induced significantly higher levels of tetanus toxoid-specific antibody than BRD509(pKK/C frag)-immunized mice, suggesting that the specific location of foreign antigen expression may be important for immunogenicity. Mutagenesis of the ribosome binding sites (RBS) in the three promoter/C fragment expression plasmids was also performed. Despite optimization of the RBS in the three different promoter elements, the expression levels in vivo and overall immunogenicity of C fragment when delivered to mice by attenuated S. typhimurium were not affected. These studies suggest that in vivo-inducible promoters may give rise to enhanced immunogenicity and increase the efficacy of S. typhimurium as a vaccine vector.
The relative success of various attenuated Salmonella enterica var. Typhimurium (hereafter referred to as S. typhimurium) and Salmonella enterica var. Typhi strains to act safely and efficaciously as anti-salmonella vaccines has encouraged the development of these strains as vaccine vectors. At present, Salmonella vaccine vectors are experimental and the vast majority of vector studies have been conducted in the murine typhoid (i.e., S. typhimurium) model. To date, numerous different genes from bacteria, viruses, parasites, and other organisms of eucaryotic origin have been expressed and delivered in attenuated Salmonella to various levels of success (for reviews, see references 17 and 30) .
A number of different strategies have been developed to achieve stable foreign antigen expression in S. typhimurium vaccine vectors. One strategy, the asd ϩ vector/⌬asd host lethal system developed by Nakayama et al. (24) , relies on stabilizing the expression plasmid, whereas another approach avoids the use of plasmids by integrating the foreign gene onto the Salmonella chromosome (16, 34) . One of the most effective strategies to overcome the problem of plasmid instability is the use of in vivo-inducible promoters (6, 13, 21, 31) . The rationale behind the use of these promoters is that the level of foreign antigen expression will be low until the vector bacterium receives an environmental stimulus in vivo, which then results in enhanced foreign antigen expression. The regulation of foreign antigen expression should also minimize loss of the expression plasmid during vaccine production. Chatfield et al. (6) constructed a novel in vivo-regulated expression system based on the nirB promoter from Escherichia coli. The nirB promoter from E. coli represents one of the best characterized in vivoregulated promoters in attenuated S. typhimurium. A single oral dose of an S. typhimurium ⌬aroAD mutant expressing C fragment from the in vivo-inducible nirB promoter protected mice against lethal tetanus toxin challenge (6) .
In this study, three promoters from S. typhimurium and E. coli were evaluated with respect to the ability to stabilize foreign gene expression and potentially enhance the immunogenicity and efficacy of an S. typhimurium vaccine. The three environmentally regulated promoters, pnirB, ppagC, and pkatG, were selected on the basis of their potential ability to be induced in environments such as those encountered by an attenuated S. typhimurium inside the vaccinated host. The in vivo-inducible promoter expression system based on the pagC promoter was shown to provide stable, high-level expression of a heterologous antigen which, when delivered by attenuated S. typhimurium, was highly immunogenic.
MATERIALS AND METHODS
Bacterial strains and plasmids. S. typhimurium BRD509 is an aroA aroD mutant of SL1344 and was a gift from G. Dougan, Imperial College, London, United Kingdom. All DNA manipulations were carried out with the E. coli laboratory strain JM101 (38) . The expression plasmids were transferred into the r Ϫ m ϩ strain S. typhimurium LB5010 (4) by electroporation and were then transduced into BRD509 by using bacteriophage P22 (Int Ϫ ) (32) . Bacterial strains were routinely cultured in Luria-Bertani (LB) broth or LB agar overnight at 37°C without antibiotic or with 75 g of ampicillin per ml.
DNA manipulations. Restriction endonuclease digestions, ligations, alkaline phosphatase treatment, agarose gel electrophoresis, and transformations (32) were performed, and miniprep plasmid DNA was prepared (14) , by using standard techniques. All enzymes were used as specified by the manufacturer (Promega, Madison, Wis.). DNA fragments to be ligated were purified by Geneclean (Bio 101 Inc., Vista, Calif.) or phenol-chloroform extraction and ethanol precipitation (32) .
Construction of reporter genes and promoter expression plasmids. Oligonucleotide primers were used to PCR amplify the region upstream of the nirB gene from E. coli and the region upstream of the pagC and katG genes from S. typhimurium (Table 1) . The genes encoding ␤-galactosidase, firefly luciferase, and C fragment were PCR amplified from the E. coli chromosome, pGL2 (Promega), and pTETtac4 (8), respectively. The oligonucleotide primers used to PCR amplify lacZ do not amplify the complete lacZ gene. The complete lacZ gene was generated by cloning the truncated lacZ, which was PCR amplified from the E. coli chromosome to the remaining portion of the lacZ gene derived from plasmid pMU2386 (gift from J. Pittard, The University of Melbourne, Parkville, Victoria, Australia). All oligonucleotides contained the recognition sequences of specific restriction enzymes to facilitate cloning of the PCR products. The PCR was performed with a GeneAmp PCR system 9600 as specified by the manufacturer (Perkin-Elmer Corp., Norwalk, Conn.). The PCR products were initially ligated to pBluescript DNA, and the nirB, pagC, and katG promoter regions were sequenced by using a PRISM dye terminator cycle sequencing ready reaction kit and an Applied Biosystems 373A DNA sequencer (Applied Biosystems, Scoresby, Victoria, Australia). The DNA containing the promoter regions and the reporter genes was excised from the pBluescript clones and ligated to the expression vector pKK233-2 ( Fig. 1 ). This strategy enabled the construction of 12 expression plasmids (based on plasmid pKK233-2), with the reporter genes encoding ␤-galactosidase, firefly luciferase, and C fragment cloned downstream of the four promoter regions, pnirB, ppagC, pkatG, and ptrc ( Fig. 1). FIG. 1. Expression plasmids constructed. The promoter regions of nirB, pagC, and katG and the genes encoding ␤-galactosidase, firefly luciferase, and C fragment were obtained by PCR and ligated to pKK233-2. The four different promoter cassettes combined with the three genes generated 12 different expression plasmids. Detection of protein expression by using reporter genes. ␤-Galactosidase assays (22) were performed on noninduced and induced cultures. To induce the nirB promoter, log-phase bacteria were incubated without aeration at 37°C for 4 h (some cultures were flushed with nitrogen and sealed prior to static incubation). To induce the pagC promoter, log-phase bacteria were washed once in N medium (10) , then resuspended in N medium plus supplements (0.1% Casamino Acids, 38 mM glycerol, aromatic supplements [15] , and 0.001 to 100 mM MgCl 2 ), and grown at 37°C for 2.5 h. To induce the katG promoter, log-phase bacteria were resuspended in LB broth containing H 2 O 2 (1 to 100 mM) and grown at 37°C for 2.5 h. Luciferase assays were performed by using the Promega luciferase assay system according to the manufacturer's specifications and were quantified with a Lumat LB9501 luminometer (Berthold Australia, Bundoora, Victoria, Australia). To prepare homogenized organ samples, the spleen, Peyer's patches (PPs), and mesenteric lymph nodes (MLNs) were removed from S. typhimuriumimmunized mice. Single-cell suspensions were prepared by passing organs through small sieves into 1 ml of phosphate-buffered saline (PBS); cells were collected by centrifugation (265 ϫ g for 10 min) and resuspended in PBS (2 ml). Two hundred microliters of organ homogenate was used to assess the number of viable bacteria, and the remaining 1.8 ml was centrifuged (265 ϫ g for 10 min), resuspended in 500 l of lysis buffer (Promega) containing 1 mg of bovine serum albumin per ml, and sonicated (two bursts of 30 s each). Cell debris was pelleted (15,000 ϫ g for 5 min), and the luciferase assay was performed on 100-l aliquots of the supernatant. The relative light units per organ and viable count of bacteria per organ were calculated and expressed as relative light units per 10 5 bacteria. Expression of C fragment by S. typhimurium. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of whole-cell proteins was performed with 12.5% acrylamide gels (19) . Western blot analyses were performed (36) with rabbit tetatus toxoid antiserum (Calbiochem, San Diego, Calif.) and a sheep antirabbit-horseradish peroxidase conjugate (Silenus Laboratories, Hawthorn, Victoria, Australia). C-fragment-specific antibody was detected with 4-chloro-1-naphthol (Bio-Rad, Hercules, Calif.) and H 2 O 2 . Cultures were induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (ptrc) or 1 mM H 2 O 2 (pkatG), by growth in LB broth containing MgCl 2 (ppagC), or by growth in a nonaerated LB broth (pnirB).
Immunization of BALB/c mice. Female 6-to 8-week-old BALB/c mice (The University of Melbourne Department of Microbiology and Immunology animal facility) were immunized orally via a 4-cm gastric lavage needle with approximately 10 10 bacteria (200 l/mouse) previously grown at 37°C for 24 h, without shaking. Thirty minutes prior to oral inoculation, mice were administered 100 l of 10% sodium bicarbonate to neutralize stomach acidity.
S. typhimurium colonization of mice and plasmid stability in vivo. Following removal, spleens, PPs, and MLNs were homogenized separately in sterile plastic bags (Starstedt, Ingle Farm, South Australia, Australia) containing 5 ml of PBS, using a Stomacher 80 (Seward Medical, London, United Kingdom) homogenizer. The total number of salmonellae and the number of plasmid-bearing S. typhimurium present in each organ was determined by viable count on LB agar plates and on LB agar plates containing an antibiotic for selection, respectively.
Measurement of serum antibody responses by ELISA. The titers of antibody present in mouse sera were determined by a standard endpoint enzyme-linked immunosorbent assay (ELISA). Immunoplates (Nunc A/S, Kamstrup, Denmark) were coated with either 10 g of S. typhimurium lipopolysaccharide (LPS; Sigma, St. Louis, Mo.) per ml in PBS or 2 Lf of tetanus toxoid (CSL Ltd., Parkville, Victoria, Australia) per ml in carbonate coating buffer (pH 9.6). Bound antibody was detected by adding sheep anti-mouse immunoglobulin-horseradish peroxidase conjugate (Silenus Laboratories). ELISAs were developed by using Immunopure o-phenylenediamine (Pierce, Rockford, Ill.) with H 2 O 2 , and absorbance was read at 492 nm (Titertek Multiskan MCC; Titertek Multiskan, Helsinki, Finland). The titer was designated as the reciprocal of the dilution of specific antibody that generated an optical density at 492 five times the value obtained for preimmune sera.
Statistical analysis. Unrelated groups of data were compared by the unpaired Student t test. A P value of less than 0.05 indicated that the groups were significantly different.
RESULTS
PCR amplification of the promoters and reporter genes and construction of the promoter expression plasmids. Twelve expression plasmids that contained the genes encoding ␤-galactosidase, firefly luciferase, and C fragment under pnirB, ppagC, pkatG, or ptrc control were constructed (Fig. 1) .
Promoter-driven expression of the lacZ gene is affected by environmental stimuli. The lacZ reporter gene was used to confirm that each promoter construct contained the sequence necessary to drive gene expression and to assess the promoters' responsiveness to environmental signals likely to influence their activity. The nirB promoter was induced in vitro by reducing the amount of oxygen available to the cells. The aerated culture exhibited a low level of ␤-galactosidase activity which increased approximately eightfold when the culture was incubated statically (Fig. 2A) . The addition of 2.5 mM sodium nitrite and 20 mM sodium nitrate to the culture medium fur- ther increased ␤-galactosidase activity of BRD509(pKK/pnirB/ lacZ) ( Fig. 2A) . BRD509(pKK/ppagC/lacZ) cultures were supplemented with MgCl 2 to mediate repression of the pagC promoter. MgCl 2 concentration affected expression of the lacZ gene by the pagC promoter, with the maximum level of ␤-galactosidase being detected in the BRD509(pKK/ppagC/lacZ) cultures supplemented with Ͻ1 mM MgCl 2 (Fig. 2B) . As the concentration of MgCl 2 increased, the level of ␤-galactosidase activity decreased, suggesting that high concentrations of MgCl 2 were inhibitory for ␤-galactosidase expression. BRD509(pKK/pkatG/lacZ) cultures were induced in vitro by the addition of H 2 O 2 , with the optimal concentration of H 2 O 2 for pkatG induction determined as 1 mM (Fig. 2C) . ␤-Galactosidase activity was markedly less at concentrations as high as 10 to 100 mM, perhaps due to toxic effects of the H 2 O 2 on the S. typhimurium cells.
Induction of the promoter constructs in BRD509 was also investigated in activated mouse peritoneal macrophages. S. typhimurium strains harboring the expression plasmids were capable of expressing detectable amounts of ␤-galactosidase inside peritoneal macrophages. The pagC promoter was found to direct the highest level of ␤-galactosidase expression, approximately 10-fold more than the katG promoter and approximately 100-fold more than the nirB promoter (data not shown).
Detection of firefly luciferase in the PPs of immunized mice.
To quantitate reporter gene expression in vivo, mice were orally immunized with BRD509(pKK/pnirB/luc), BRD509 (pKK/ppagC/luc), BRD509(pKK/pkatG/luc), and BRD509(pKK/ luc). Six days after immunization, luciferase activity was detected in the PPs of mice immunized with BRD509(pKK/ ppagC/luc) and BRD509(pKK/luc) (Fig. 3A) . The level of luciferase detected was significantly greater than the background level of luciferase detected in the BRD509-immunized control mice (P Ͻ 0.05). The level of luciferase in the PPs of mice immunized with BRD509(pKK/pnirB/luc) and BRD509 (pKK/pkatG/luc) was equivalent to the background level of luciferase detected in BRD509-immunized mice (P Ͼ 0.05) (Fig. 3A) . On days 12 and 18 postimmunization, the highest amount of luciferase was detected in the PPs of BRD509(pKK/ luc)-and BRD509(pKK/ppagC/luc)-immunized mice, whereas 10-to 100-fold less luciferase activity was detected in PPs of BRD509(pKK/pnirB/luc)-and BRD509(pKK/pkatG/luc)-immunized mice (Fig. 3B and C) . Luciferase activity could not be detected in the organs of naive mice. Attempts to detect in vivo expression of luciferase in the MLNs and spleens of mice immunized with luciferase-expressing bacteria were unsuccessful. Despite the differences observed in luciferase expression in the PPs of mice, all constructs were capable of expressing luciferase in bacterial culture (data not shown). Expression of C fragment in S. typhimurium. C-fragment expression was determined in S. typhimurium strains containing plasmids pKK/pnirB/C frag, pKK/ppagC/C frag, pKK/ pkatG/C frag, and pKK/C frag by Western blotting. A protein of approximately 50 kDa corresponding to C fragment was detected in all S. typhimurium strains containing the promoter expression plasmids and was absent from the S. typhimurium strain alone (Fig. 4) .
In vivo plasmid stability of promoter constructs expressing C fragment in immunized mice. S. typhimurium strains harboring the four C-fragment expression constructs were capable of colonizing the spleen, PPs (Fig. 5) , and MLNs (data not shown) of orally immunized mice and persisted until at least day 15. Over the first 15 days postinfection, the number of bacteria recovered from the PPs decreased, whereas the amount of bacteria detected in the spleen remained relatively constant, BRD509(pKK/C frag) being the exception. Throughout the 15-day time course experiment, all bacterial strains except BRD509(pKK/ppagC/C frag) could retain their plasmids in vivo at levels approaching 100%. Loss of the pKK/ ppagC/C frag plasmid was observed in bacteria recovered from the PPs (Fig. 5A ) and the MLNs (data not shown) but not the spleen on day 15.
Humoral immune response induced by immunization with S. typhimurium containing promoter constructs expressing C fragment. LPS-specific serum antibody was detected in all mice immunized with S. typhimurium BRD509 regardless of which expression plasmid they harbored (Fig. 6A) . The LPS response peaked by day 28 and plateaued at that level until the last time point assayed, at day 56. From these results it appears that C-fragment expression in S. typhimurium BRD509 does not affect the strains' ability to induce an antibody response to S. typhimurium LPS. S. typhimurium containing the pagC promoter expression construct was the only strain to induce a tetanus toxoid-specific antibody response in all five mice; four of five mice immunized with BRD509(pKK/C frag) had tetanus toxoid-specific antibody in their sera (Fig. 6B) . The level of anti-tetanus toxoid antibody induced by BRD509(pKK/C frag) was significantly lower (P Ͻ 0.05) than that induced by BRD509(pKK/ppagC/C frag), with one mouse responding only after the day 28 boost and one mouse not responding at all. In the group of mice immunized with BRD509(pKK/pkatG/C frag), one animal of five produced a low level of antibody against tetanus toxoid after receiving the day 28 boost immunization. No mice in the groups immunized with either BRD509(pKK/pnirB/C frag) or BRD509 alone raised any antitetanus toxoid antibodies (Fig. 6B ). When this experiment was repeated, the results reflected those seen in the first experiment.
Modification of promoter constructs to alter the RBS by PCR. To attribute the differences in protein expression and more importantly the outcome of immunization to promoter activity and not translation, variants of pnirB, ppagC, and pkatG expression plasmids containing identical optimal ribosome binding sites (RBS) were constructed by using PCR. The optimal RBS that was incorporated into the original promoter constructs was the complement of the 16S rRNA sequence from E. coli (33) . The spacer region between the start codon and RBS was the optimal size of 8 bp (29) and was identical in all promoter constructs. C-fragment expression was detected in S. typhimurium harboring these expression constructs, and these strains were capable of colonizing the organs of immunized mice (data not shown). The addition of the optimal RBS in the expression constructs had no effect on the ability of the strains to induce antibody to the heterologous antigen following oral immunization of mice (data not shown).
DISCUSSION
A number of quite different approaches to stabilize expression of heterologous antigens in bacterial vaccine vectors have been investigated. One of these approaches involves the use of in vivo-inducible promoters. Here we describe the construction of three in vivo-inducible promoter cassettes and their comparative ability to promote immunogenic levels of foreign antigen expression. The three in vivo-inducible promoters were able to direct expression of ␤-galactosidase in vitro, in response to induction stimuli, and direct expression of luciferase in vivo, in the PPs of immunized mice. The gene encoding the heterologous antigen C fragment was cloned downstream of the four promoter expression cassettes and delivered to mice in S. typhimurium ⌬aroAD mutants. Two strains, BRD509(pKK/ ppagC/C fragment) and BRD509(pKK/C fragment), induced anti-tetanus toxoid antibody in the sera of immunized mice.
Chatfield et al. (6) first reported the application of an in vivo-inducible promoter in attenuated S. typhimurium. A single-dose oral tetanus vaccine was developed based on the expression of C fragment by the nirB promoter in plasmid pTETnir15. A range of antigens, and antigens fused to C fragment, have been expressed from the nirB promoter, and some of them have induced protective immunity (1, 2, 5, 9, 12, 18, 20) .
The inability of the nirB promoter expression cassette generated in this study to direct expression of immunogenic levels of C fragment is inconsistent with previously reported findings. The nirB promoter cassette constructed in this study is identical to the native promoter region upstream of the nirB gene on the E. coli chromosome. In contrast, the nirB promoter present in the previously characterized pTETnir15 (6) was generated by synthetic oligonucleotides (26) . Four main sequence differences exist between the nirB promoter described here and the nirB promoter in pTETnir15: (i) the FNR binding site, (ii) the distance and sequence between the RBS and the transcriptional start point, (iii) the RBS and spacer region between it and the ATG, and (iv) the putative NarL binding site (26, 27, 37) . All of these changes could possibly explain the differences between the two nirB expression constructs. The FNR binding site in pTETnir15 is derived from F2 DR25X (3) and is homologous to neither the native pnirB FNR binding site nor the consensus FNR binding site (26) . However, this should not account for the observed differences in levels of C-fragment expression, as Bell et al. (3) demonstrated that the FNR binding site F2 DR25X was no more efficient at upregulating ␤-galactosidase expression from the nirB promoter than the native pnirB FNR binding site. Newton et al. (25) reported that the expression of a protein was influenced by the distance between the nirB promoter and the RBS, and the longer the distance the higher the level of expression. In pTETnir15 the distance between the nirB promoter and the RBS is longer than in the native sequence on the E. coli chromosome. This could account for differences in immunogenic levels of C-fragment expression from pTETnir15 and pKK/pnirB/C frag. The ability of the pnirB cassette, generated in this study, to be further upregulated in anaerobic conditions by the addition of nitrite provides evidence that a NarL homolog is present and functioning in S. typhimurium. Tyson et al. (37) reported that nirB promoter activity in E. coli is partially dependent on NarL, as removal of NarL, either by mutation or by the alteration of the NarL binding site, led to a decrease in anaerobic expression.
This study addressed whether poor translation was responsible for the lack of immune response in mice immunized with BRD509(pKK/pnirB/C frag). An optimal RBS sequence was incorporated into the nirB promoter construct. The improved RBS sequence was complementary to the 16S rRNA sequence FIG. 5 . In vivo plasmid stability and colonization of S. typhimurium. Groups of mice were orally immunized with BRD509(pKK/pnirB/C frag) (pnirB), BRD509(pKK/ppagC/C frag) (ppagC), BRD509(pKK/pkatG/C frag) (pkatG), BRD509(pKK/C frag) (ptrc), and BRD509. On days 5, 9, and 15 postimmunization, the numbers of bacteria present in the PPs (A) and spleen (B) were determined by isolating bacteria on LB agar (open shapes) or LB agar containing ampicillin (closed shapes). Each point represents the number of bacteria isolated from an individual mouse. ‫,ء‬ the number of bacteria isolated on LB agar containing ampicillin was significantly lower than the number of bacteria isolated on the corresponding LB agar (P Ͻ 0.05).
from E. coli, and the spacer region between the RBS and ATG was increased to the optimal size of 8 bp (29, 33) . The addition of the optimal RBS had no effect on the anti-tetanus toxoid antibody generated in mice immunized with BRD509(pKK/ pnirBR/C frag), suggesting that the lack of immunization from the nirB promoter cassette is probably not due to poor translation initiation. The addition of the optimal RBS to each promoter cassette also standardized the sequences required for translation initiation in each construct and thus allowed for a direct comparison of the upstream regions containing the FIG. 6 . LPS-and tetanus toxoid-specific serum antibody responses. Groups of mice were immunized orally with BRD509(pKK/pnirB/C frag) (pnirB), BRD509(pKK/ppagC/C frag) (ppagC), BRD509(pKK/pkatG/C frag) (pkatG), BRD509(pKK/C frag) (ptrc), and BRD509 (509). The amounts of S. typhimurium LPS-specific (A) and tetanus toxoid-specific (B) total immunoglobulin present in serum were determined. Each point represents a serum titer from an individual mouse. The arrows indicate the times of oral immunization. ‫,ء‬ the anti-tetanus toxoid antibody titer detected in the sera of BRD509(pKK/ppagC/C frag)-immunized mice was significantly different (P Ͻ 0.05) from the antibody titer detected in BRD509(pKK/C frag)-immunized mice.
individual promoters. The addition of the optimal RBS had no affect on the abilities of any of the Salmonella strains containing the promoter cassettes to induce a C-fragment-specific response in immunized mice, suggesting that the level of translation from the original RBS was not limiting.
An attenuated S. typhimurium vaccine vector would encounter a number of different environments once inside the immunized host. These environmental stimuli may either be inductive or repressive for environmentally regulated promoters such as pagC. Here, as well as elsewhere (10) , it was demonstrated that the pagC promoter cassette directed protein expression in response to low Mg 2ϩ concentrations in vitro. Garcia Vescovi et al. (10) identified Mg 2ϩ as a physiological signal controlling the PhoP/PhoQ regulatory system. The induction of the pagC promoter may occur in phagosomal compartments of eucaryotic cells, as in vitro this environment has been shown to contain low concentrations of Mg 2ϩ (11) . Conversely, the pagC promoter may be repressed in extracellular fluid and the cytosol of cells, as the levels of Mg 2ϩ in these environments have been shown to be high (10, 28) .
In this study, the pagC promoter cassette was the most efficient at directing immunogenic levels of heterologous antigen expression in S. typhimurium BRD509. High-titer antibody responses to C fragment were detected in the sera of mice immunized with BRD509(pKK/ppagC/C frag). Previously, Hohmann et al. (13) had successfully used the pagC promoter in an S. typhimurium vaccine vector and demonstrated that protein expression directed from this promoter induced an antibody response against the heterologous antigen whereas expression from a constitutive promoter did not, even though the constitutive promoter produced a higher amount of heterologous antigen in vitro (13) . Our data are consistent with the findings of Hohmann et al. (13) . The most interesting observation described here is that a significantly higher titer of antibody against the heterologous antigen C fragment was detected in mice immunized with BRD509(pKK/ppagC/C frag) than in mice immunized with BRD509(pKK/C frag). In vitro however, the in vivo-inducible promoter construct appeared to express equivalent amounts of, if not less, C fragment than the constitutive promoter construct, as determined by Western blotting. This was also demonstrated quantitatively by the amount of luciferase detected in the PPs of mice, as the amount of luciferase produced in mice immunized with BRD509(pKK/ppagC/luc) was either equivalent to or lower than the amount produced in mice immunized with BRD509(pKK/luc). These data suggest that the total amount of heterologous antigen that a vaccine strain produces does not necessarily correlate with the strain's ability to elicit an antibody response to that antigen. Future studies could address the hypothesis that the successful immunization of mice with BRD509(pKK/ppagC/C fragment) is due to a combination of the location and timing of C fragment expression in vivo.
The pagC promoter cassette generated in this study may be a useful tool in the further development of Salmonella vaccine vectors. The capacity of the pagC promoter to be induced in vivo may also overcome the need for large amounts of constitutively expressed antigen, potentially avoiding protein toxicity and expression construct instability. Repression of ppagCdriven heterologous protein expression by the addition of high concentrations of Mg 2ϩ to the growth medium may also be beneficial to vaccine production in vitro.
The use of the katG promoter to direct expression of a heterologous antigen in S. typhimurium has not previously been reported. The rationale behind the choice of this promoter was that the katG promoter, which is positively activated by OxyR, is upregulated in the presence of H 2 O 2 (7, 23, 35) .
Hydrogen peroxide is one of the oxidizing agents produced by the respiratory burst of a phagocyte in response to bacterial infection. Induction of heterologous antigen expression in this location in vivo may enhance the immune response elicited. In this study, no antigen-specific antibody was detected in sera when C fragment was expressed from the katG promoter cassette and delivered to the murine immune system in attenuated S. typhimurium. The location and timing of C-fragment expression by the katG promoter, or the poor strength of the promoter, may be responsible for the production of subimmunogenic levels of C fragment.
In summary, a number of variables, such as the location, timing, and level of antigen expression, as well as the inherent properties of the antigen to be expressed and the type of immune response required, are factors that when combined may affect the efficacy of a multivalent vaccine based on attenuated Salmonella.
